A new method to measure regional CBF (rCBF) and volume of distribution of water is presented. It centres on recording the tissue build-up and retention of ISO-labelled water during the continuous inhalation of ISO-labelled carbon dioxide. Simultaneously, the arterial concentration is continuously monitored, and corrections for delay and dispersion in the recorded response are made by curve fitting. The values for the volume of dis-Abbreviations used: OM, orbitomeatal line; PET, positron emission tomography; rCBF, regional CBF; ROJ, region of in terest.
Several tracers have been proposed for the mea surement of regional CBF (rCBF) with positron emission tomography (PET). However, in practice most clinical applications have used H2150 as a flow tracer (Lammert sma and Frackowiak, \985). H2150 has been administered intravenously or by inhala tion of C1502. In the latter case the ISO label is rapidly transferred to the water pool in the lung capillary bed (West and Dollery, 1962) .
The preference for H21S0 as a flow tracer is based on a number of advantages: (a) the relative simplic ity of producing both H21S0 and CIS02 (Clark and Buckingham, 1975) ; (b) the short half-life of ISO (2.05 min), allowing for repeat measurements dur ing one scanning session and/or combination of rCBF measurements with any other (metabolic, re ceptor, etc.) study; (c) the partition coefficient of water being less dependent on pathology than that of most other tracers; (d) the possibility to combine rCBF measurements with oxygen utilization mea surements using 1502, resulting in the same tracer characteristics for both measurements-circulating H2150 for flow and H2150 of metabolism for oxygen utilization, respectively (Ter-Pogossian et aI., 1970; Frackowiak et aI. , 1980; Mintun et aI. , 1984) (i.e. , in both studies the tracer has the same distribution volume, and in the latter case it is easy to correct for recirculating H2IS0); (e) a convenient and safe administration in the case of CIS02 inhalation.
A possible drawback of H21S0 is the fact that water is not strictly freely diffusible (Eichling et aI., 1974) . This might lead to underestimation of rCBF at high flow rates. However, in humans underesti mation of rCBF for normal or decreased flow is expected to be small (Lammertsma et aI., 1981b) .
Three main methods have been used to measure rCBF with H2150 and PET: the steady-state tech nique (Frackowiak et aI., 1980) , the autoradio graphic technique (Raichle et aI., 1983) , and the in tegrated projection technique (Huang et aI., 1983) . The first of these methods utilizes the continuous inhalation of C1502, the other two a bolus intrave nous injection of H2150 [or bolus inhalation of CI502 (Kanno et aI., 1984) ]. All three techniques have their relative advantages and disadvantages (see Theory and Discussion) .
The purpose of the present study was to develop a new technique for measuring rCBF and the vol ume of distribution of water, circumventing most of the problems encountered in the existing tech niques.
THEORY
One of the disadvantages of the steady-state tech nique is the time needed before the steady state is reached. In practice this equilibration period takes � 10 min, which means that the time needed for reaching equilibrium is comparable with that for ac tual scanning. This results in a slow method and an inefficient use of the total radiation dose received by the subject. In addition, the steady-state method is less sensitive for high flow values owing to the nonlinearity of the operational equation. This also results in underestimation of CBF for heteroge neous tissues (Lammertsma et aI. , 1981a) .
For the autoradiographic and integrated projec tion techniques, the rapidly changing activities and the fact that single scans are collected make them rather sensitive to timing errors. These include mis alignment of blood and tissue curves and dispersion of the input function (Iida et aI. , 1986; Dhawan et aI., 1986) . In addition, there are statistical limita tions (Kanno et aI., 1984) , and consideration needs to be given to minimize detector dead time, the co incidence resolving time, and the size of the detec tor "block" unit.
One way to overcome these limitations is by con tinuous inhalation of CI502 and, in contrast to the steady-state method, to commence scanning from the start of inhalation, so recording the tissue build up and retention. By performing multiple scans it is possible to measure both rCBF and the volume of distribution of water Vd• In mathematical terms the familiar two compartment equations apply; i. e. , the change of H2150 (Aw) in a volume V is given by
where F is the blood flow (ml/min), Cw is the arterial H2150 concentration, V w is the volume of water in volume V, and A is the decay constant of 150. In Eq.
1 the usual assumptions are made that water is 1989 freely diffusible and that activity in the arterial frac tion of the blood pool is negligible in the PET signal. Dividing by V results in (2) where Ct = Aw/V = measured concentration in vol ume V and Vd = V w/V = volume of distribution of water and with rCBF expressed in milliliters blood per milliliter tissue per minute. From Eq. 2 it fol lows that at any given time t , the tissue concentra tion Ct is given by with kl = rCBF, k 2 = rCBF/Vd + A, and * = operation of convolution.
In PET scanning it is not the instantaneous tissue concentration that is measured, but the integral concentration over a scanning period. Therefore, the recorded signal over a scanning interval TI-T 2 follows from Eq. 2 as (4) where Ct(T1) and Ct(T2) are given by Eq. 3.
By performing multiple scans and monitoring the arterial concentration Cw, it is possible to solve Eq. 4 for kl and k2 (i.e. , for rCBF and Vd) using standard nonlinear least-squares fitting procedures. To solve Eq. 4 a good definition of the arterial input curve Cw is needed. This can be achieved by on-line detection of the arterial concentration (see Methods). However, in that case delay and disper sion imposed on the arterial blood curve need to be taken into account. These arise from both the cath eter tubing and the radial artery itself (Iida et aI., 1986; Dhawan et aI. , 1986) . Assuming that the dis persion can be described by a single exponential (see Discussion), Eq. 4 should be replaced by Eq. A2 (see Appendix A):
where d is the delay of detecting arterial curve rel-ative to that of detecting brain activity, p is the time constant of the single-exponential dispersion func tion, and Cm is the arterial whole-blood concentra tion as measured by on-line detection.
If d and p are known, Eq. 5 can in the usual way be fitted for rCBF and Yd' Note, however, that if sufficient accurate data points (scans) are collected, Eq. 5 can be fitted not only for rCBF and Vd, but also for p and d . Incorporation of delay d (but not dispersion p) in the fitting equation has previously been reported by Budinger et al. (1985) and Koeppe et al. (1987) .
METHODS
Studies were performed on four normal male volun teers (19, 28, 23, and 23 years of age) who gave informed consent prior to study. Permission to conduct these stud ies was obtained from the UCLA Human Subject Protec tion Committee.
The subjects continuously inhaled a steady supply of tracer amounts of Cl502 as described previously for the steady-state technique (Frackowiak et aI., 1980) . Cl502 was mixed with air to provide a flow rate to the subject of 500 mllmin, with a concentration of 20 IJ-Ci/ml. In the present study, however, scanning was started simulta neously with the commencement of delivery of the Cl502 gas to the subject. Scans were performed during the initial 10 min of inhalation according to the following protocol: 6 x 10 s, 9 x 20 s, 6 x 30 s, and 3 x 60 s. At the end of this period a regular steady-state scan was collected for 5 min (Frackowiak et aI., 1980) . Scanning was performed with an ECAT-III (Cn, Knoxville) three-plane positron emission tomograph (Hoffman et aI., 1986 ). The septa "in" configuration (intersepta distance 50 mm) was se lected to provide a slice thickness of 12 mm full width at half-maximum. The system sensitivity for this setting was 22 kcps/lJ-Ci for a 20-cm-diameter uniform cylindrical phantom. The subject's head was positioned so that scans were obtained at 2.7, 4.5, and 6.3 cm above the orbito meatal line (OM). Prior to the Cl502 procedure, transmis sion scans were recorded for attenuation correction of the subsequent emission scans.
A fine-gauge catheter was inserted into the radial artery prior to the beginning of a study. Just before the start of the Cl502 scanning procedure, continuous withdrawal of arterial blood was started at a rate of 2.5 mllmin. To avoid clotting, heparinized saline (10 USP) was infused into the line at a rate of 1.0 mllmin, resulting in a total flow rate of 3.5 mllmin through the detection system described in Ap pendix B. The arterial concentration was monitored at 2-s intervals from the start of scanning throughout the 15-min inhalation period. During the steady-state scan, three ar terial samples were collected through a rubber stop in the catheter before the point where heparinized saline was infused. These samples were measured in a well counter that was cross-calibrated with the tomograph and subse quently used for calibration of the recorded arterial input curve.
Regions of interest (ROIs) were defined in the final steady-state scan and projected on the previous 24 build up scans. The following ROIs were used: R 1 , a whole brain ROI in the OM + 6.3 cm plane; R2, the average of two (left and right) centrum semiovale white matter ROIs in the OM + 6.3 cm plane; R3, a whole-brain ROI in the OM + 4.5 cm plane; R4, the average of two (left and right) temporal grey matter ROIs in the OM + 4.5 cm plane. Average sizes of the final four ROIs used for anal ysis were 165 ± 24, 16 ± 5, 173 ± 11 and 4 ± 2 cm 2 , respectively.
The steady-state scan was used to calculate rCBF with the standard steady-state equation, assuming Vd = 1 (Frackowiak et aI., 1980) . The first 24 scans collected over the initial 10 min and the arterial input curve were used to fit Eq. 5 with a standard iterative nonlinear least squares regression technique (Carson et aI., 1981) . First, the two whole-brain ROIs were used to fit for rCBF, Vd, d, andp. Because of noise considerations, no attempt was made to fit the smaller grey and white matter ROIs for d and p. Instead, the average of the two values for delay d and dispersion p obtained from the whole-brain ROIs was used for further analysis. Fixing these values, all four ROIs were refitted for rCBF and Yd' To provide a com parison with the rCBF values obtained from the steady state approach, fitting was repeated by also fixing Vd to 1.
To assess the sensitivity of the results to errors in the values for d and p, the data were refitted for rCBF and Vd with values of d or p that were changed by 10%. In ad dition, fits for rCBF and Vd were repeated with the orig inal p and d values with a progressively reduced number of scans. The purpose of this analysis was to assess the effect of study duration on the results. To obtain infor mation about the vulnerability of the method to calibra tion inaccuracies, fits for rCBF and Vd were also per formed using calibration factors for the blood curves that were changed by 10%.
Finally, the delay and dispersion of the arterial input curve were measured independentlY. For this a quantity of arterial blood was withdrawn from the subject before CI502 inhalation, heparinized, and inserted in a small vial. At the end of the scanning, while the subject was still inhaling C 1 502, a three-way tap was suddenly turned, thereby providing a step function from the "hot" blood of the subject to the "cold" blood, which was withdrawn from the vial using a catheter identical to the one used for cannulation. From the resulting step response curve, de lay and dispersion of the arterial blood within the arterial line were estimated.
RESULTS
A typical set of C'502 build-up scans together with the steady-state scan are shown in Fig. 1 . For the four studies the total count rate in the steady state was 35K ± 14K true events/so In Fig. 2 a tissue time-activity curve is shown for a whole-brain ROI together with the corresponding arterial whole blood curve. It can be seen that in this case the steady state has in fact been reached in �6 min.
In Table 1 the In Fig. 3 fits for rCBF and Vd are shown and compared with fits for rCBF with Vd fixed to I. Figure 3 (left) shows fits for a whole-brain ROI. Results for a white matter ROI are shown in Fig. 3 (right). In the latter case there is slightly more dif ference between the two fits, because of the lower value of Vd •  Table 2 gives all the fitted values for reBF and V d using fixed d and p, together with rCBF calculated from the steady-state scan. The ratio of fitted rCBF fixing Vd to 1 and steady-state rCBF (assuming Vd = 1) for all 16 ROIs was 1. 03 ± 0.04.
In Table 3 the effect of study duration on fitted values of rCBF and Vd is given, by comparing the values with those obtained for a study duration of 10 min. In all cases rCBF changed by <5% if the study was shortened to 6 min and by < 10% for a study duration of 4 min. The fitted values of Vd were J Cereb Blood Flow Metab, Vol. 9, No.4. 1989 more sensitive to study duration. In Fig. 4 examples for rCBF and Vd are given for a whole-brain ROI (left) and a small grey matter ROI (R4) (right).
Changing the values for delay by 10% (i.e., -2 s) resulted in rCBF values that changed on average 3.5 ± 1.2%. For Vd this was 4. 3 ± 2.0%. Changing the dispersion coefficient by 10% (i.e., -1.5 s) resulted in changes of rCBF and Vd that were on average 3.7 ± 0.5 and 4. 3 ± 1.6%, respectively. An increase in delay d resulted in reduced rCBF and increased Vd values. The same trend was observed for a decrease in dispersion coefficient p. Absolute changes in rCBF and Vd were similar for increases and de creases of d and p. For all ROIs and in all studies, increasing the whole-blood calibration factor by 10% resulted in rCBF and Vd values that were 9% lower. Decreasing this calibration factor by 10% gave 11% higher rCBF and Vd values.
FIG. 2. Cerebral tissue time activity curve for a whole brain region of interest with corresponding arterial whole-blood time-activity curve. . o· 0 Analysis of the measured dispersion curves re sulted in values for d that were on average 36 ± 29% (i.e., �8 s) lower than the fitted values given in Table 1 . Fitting the dispersion curves with a single exponential dispersion function resulted in values for p that were on average 73 ± 39% higher (i.e., �6 s less) than those given in Table 1 .
DISCUSSION
The CI502 build-up technique to measure rCBF and the volume of distribution of water Vd utilizes the high temporal resolution obtainable with current PET scanners (Hoffman et aI. , 1986) . In this way the tissue time-activity curve can be measured ac curately. Because of the number of scans collected during a study, it is possible to estimate not only rCBF but also Vd. With the CI502 steady-state technique, a value for Vd has to be assumed. Usually a value of 1 is taken (Frackowiak et aI., 1980) . Therefore, in the ory, for the build-up technique, approximately the same values for rCBF as those obtained with the steady-state method should be obtained if Vd is fixed to 1. It is an indication of the validity of the build-up technique that the ratio of rCBF obtained from the build-up (with Vd fixed to 1) and steady state techniques was 1.03 ± 0.04 for the 16 ROIs analysed (Table 2) .
One important advantage of the build-up tech nique over both steady-state and autoradiographic techniques is the fact that apart from rCBF, also the volume of distribution of water Vd is measured.
Consequently the measurement of rCBF should be more accurate. Compared to the steady-state tech nique, the build-up method shows much better lin- For the whole-brain ROIs, the ratios of average and individual fitted values of d and p are given. The ratios for rCBF and V d are those obtained with (fixed) average d and p values to those obtained using (free) individual values. For abbreviations see the text. FIG. 3. Fits for regional CBF (rCBF) and volume of distribution of water Vd (solid line) and for rCBF with Vd fixed to 1 (dashed line) for a whole-brain region of interest (ROI) (a) and a white matter ROI (b). earity, as indicated by the 9-11% change in rCBF resulting from a 10% change in blood curve calibra tion factor. The values obtained for Vd are of interest: 1.00 ± 0.07 for grey matter, 0.73 ± 0.08 for white matter, and 0.88 ± 0.07 for whole brain (Table 2) . These values are close to those calculated from reported in vitro measurements [1.02, 0.87, and 0.95, respec tively, as summarized by Lammertsma (1984) and Herscovitch and Raichle (1985) ]. Except for white matter the values are higher than those obtained with the integrated projection technique, being 0.85 ± 0.03 for grey matter, 0.76 ± 0.03 for white matter, and 0.81 ± 0.02 for whole brain (Huang et aI., 1983) . However, it has been shown that the integrated pro jection technique provides results that are depen dent on study duration (Gambhir et aI., 1987) . The build-up technique, on the other hand, is indepen dent of study duration (Table 3 ; Fig. 4 ). Gambhir et ai. (1987) provide three possible ex planations for their findings: more cerebral com partments, timing errors, or more dispersion of the blood samples compared to the input function to the brain. From Table 3 it fo llows that the first expla nation is unlikely. In the present study, delay and dispersion of the arterial blood curve were fitted from the build-up curves and measured indepen dently fo llowing a step input function (see Meth ods). The measured value of the delay was on av erage 36% shorter than the fitted one, correspond ing to �8 s. The measured value of the dispersion coefficient was on average 73% higher than the fit ted one, giving a mean delay time caused by disper sion that was �6 s less than that obtained from the fit. It should be noted that in practice an indepen dent measurement of delay and dispersion is diffi cult to perform. Actually these entities are mea sured not from the top of the cannula, but from the attached three-way tap. The discrepancies between fitted and measured values might therefore be due to the cannula itself and possibly the radial artery. In other words, even in the case of manual sam pling, delay and dispersion should be taken into ac count and this could explain the results reported by Gambhir et al. (1987) . From the simulation studies it followed that if in the present study values of delay and dispersion obtained from the dispersion curves had been used, higher values of rCBF and lower values of Vd would have been obtained. This is confirmed by the results of a preliminary study (Lammertsma et al., 1986) . In that study it was not possible to fit for delay and dispersion ow ing to the low temporal resolution of the scanner used (ECAT-II). Therefore, delay and dispersion had to be measured independently, resulting in Vd values that were -10-20% lower than those ob tained in the present study using fitted values for delay and dispersion of the arterial blood curve.
Dispersion within the radial artery and/or cannula might also explain the discrepancy between rCBF values obtained from autoradiographic and steady state techniques (Kanno et al., 1984) as indicated by Iida et al. (1986) . The value of dispersion coefficient within the radial artery and/or cannula estimated by Examples of the effect of study duration on the fitted values of regional CBF (solid lines) and volume of distribution of water Vd (dashed lines) for a whole-brain region of interest (ROI) (a) and a small grey matter ROI (b). The ratios of the values for each study duration to those for the total study period of 10 min are shown. Iida et al. (1986) is of the same order of magnitude as the values obtained in the present study. A major advantage of the build-up technique is therefore the capability to measure this dispersion. In addition, with the build-up method, the delay of the arterial blood curve can be measured, thus avoiding errors due to mismatching of the arrival times of activity in the brain and the sampling site. It should be noted that these advantages also apply to other dynamic studies with good temporal sampling (Budinger et aI., 1985) , although a correction for dispersion, to our knowledge, has not been applied so far. For the autoradiographic technique, it is possible to esti mate the delay by recording the coincidence count rate from one of the detector rings of the scanner and matching the leading edges of this curve and the blood curve (Koeppe et aI., 1987) . However, this method does not provide a means for correcting for dispersion. In theory, it is possible to obtain both delay and dispersion from the curve by standard nonlinear least-squares techniques. Further studies are in progress to validate the latter method. An advantage of build-up over bolus techniques in general is the fact that count rates are lower. Therefore, the results are less dependent on dead time corrections and less vulnerable to random co incidences that are associated with high count rates. In addition, small errors in the estimation of delay and dispersion of the arterial blood curve will have less pronounced effects (Dhawan et aI., 1986) . Fi nally, the build-up procedure is less sensitive to contribution from activity in the arterial blood. For the present study, the effects of this contribution were assessed by including an arterial fraction in the fitting equation. For whole-brain ROIs a frac tion of 0.6% was found, resulting in CBF and Vd values that were 1.0 and 0.2%, respectively, differ ent from the values when the arterial fraction was neglected. These changes are smaller than those ob tained with a bolus method (Koeppe et aI., 1987) . For a dynamic study it is possible to include the arterial fraction in the fitting equation. However, this results in loss of precision in CBF and Vd (Koeppe et aI., 1987) . Therefore, in the present study, based on its small effect, the arterial fraction was neglected. However, it was also not required to omit the first 40 s of data collection as suggested by Koeppe et al. (1987) for bolus techniques, thereby fully utilizing the activity delivered to the patient and the flow information contained within the initial part of the curves.
It should be noted that in Table 2 the average values of delay and dispersion from two whole brain ROIs were used. Because of noise consider ations, no attempt was made to fit these entities for J Cereb Blood Flow Metab, Vol. 9, No.4, 1989 the relatively small grey and white matter ROIs. Although delay and dispersion were slightly differ ent for both planes, the resultant effect on rCBF and Vd was relatively small (Table O . This is due to the fact that dispersion and delay were correlated; i.e., delay and dispersion constant increased or de creased together (Table 1) , with opposing effects on rCBF and Vd• Nevertheless, the consistent differ ences suggest a slight difference in arrival time for both planes. Further studies are needed to establish if separate values should be used for each plane.
A disadvantage of the build-up technique at present is the fact that estimates of rCBF and Vd are obtained for defined ROIs and not for individual pixels. However, in theory, it is possible to fit the data pixel by pixel, resulting in functional images for both rCBF and Vd• Further studies will be needed with regard to the statistical requirements for this approach.
From Table 3 and Fig. 4 , it follows that the study duration could be shortened considerably without loss in accuracy of rCBF, although with some loss in accuracy of Vd• However, in the present analysis, shortening of study duration was obtained by omit ting scans at the end of the study. Increasing the number of scans at the beginning of the study would tend to improve the accuracy again. In addition, for shorter study durations, the C1502 concentration could be increased without increasing the radiation dose to the subject, resulting in improved statistics.
In the present study, it was assumed that disper sion could be described by a single exponential. In part of the study, a double exponential provided results for rCBF and volume of distribution of water that were not significantly different from the values obtained with a single exponential. In the other part of the study, no convergence of the fit was obtained owing to the fact that another two parameters had to be fitted from the data. Table 3 suggests, how ever, that also for these studies a single exponential is satisfactory. If delay and dispersion had been measured incorrectly, results for rCBF and volume of distribution of water should have shown a greater dependency on study duration.
CONCLUSIONS
The C1502 build-up technique provides a simple method to measure both rCBF and Vd• The values of Vd obtained in the present study were close to previously reported in vitro values, and if Vd was fixed to 1, the resulting rCBF values were not sig nificantly different from those obtained with the steady-state technique.
The major advantage over steady-state and auto-radiographic techniques is the possibility to mea sure Vd, resulting in more accurate rCBF values. A distinct advantage over autoradiographic and inte grated projection techniques is the possibility also to measure delay and dispersion coefficient within the radial artery and the cannula. Although in the present study a total scan time of 10 min was utilized, the results indicate that the study duration can be shortened considerably. A study duration of <4 min is feasible.
APPENDIX A
The solution for the detected signal over a scan ning interval TJ-T 2 given by Eq. 4 assumes that the arterial blood curve Cw can be measured accu rately. However, in practice the measured arterial blood curve Cm will be dispersed and delayed com pared with the actual blood curve Cwo It would still be possible to use Eq. 4, provided delay and dispersion could be measured accurately.
The measured blood curve could then be shifted and deconvolved to approximate the actual blood curve. However, as indicated in Discussion, accu rate independent measurements of delay and dis persion are difficult to obtain, owing to additional delay and dispersion in the radial artery and can nula. In addition, deconvolution tends to enhance noise. An alternative approach, followed in this study, is to incorporate delay and dispersion in the operational equation.
If dispersion can be described by a single expo nential, the relationship between measured and ac tual arterial blood concentrations is given by
where d is the delay of the measured arterial curve and p is the time constant of single-exponential dis persion. Using Laplace transform with Eqs. 4 and AI, it is possible to derive an expression between PET signal and measured blood curve: 
where kJ and k2 are given in Eq. 3.
APPENDIX B
A system for the selective detection of positrons in blood and plasma was used to measure the arte-rial input function (Weinberg et aI., 1988) . The pos itron-sensing element was a plastic scintillator (BC-412; Bicron Corp.) machined to a cylindrical shape 2 cm in diameter and 3 cm in length. The scintillator was coupled with optical glue (Epo-Tek 302; Epoxy Technology Inc.) to a photomultiplier (R I166; Ha mamatsu Photonics). The arterial blood was pulled at constant flow through sterile polyethylene tubing (1. 14-mm inner diameter, 1.57-mm outer diameter), which was tightly looped around the scintillator.
The response of the plastic scintillator for 'Y radi ation at 511 ke V is an order of magnitude below its response to 13 radiation at similar energies (Hurlbut, 1985) , and so the use of the plastic scintillator al lowed the selective detection of positrons from the adjacent tubing while minimizing the contribution of background 511 keY 'Y radiation from the subject (Hutchins et aI., 1986) . To reduce further the con tamination from the 'Y radiation emitted by the sub ject, the scintillation assembly was enclosed in a lead cylinder of I-in wall thickness. The photomul tiplier signal was amplified and the amplified signals output to a single-channel analyser, whose output was fed to a CAMAC scaler module. The content of the scaler module was read every 2 s by a computer (MicroVax; DEC), viewed after each acquisition, and stored in a file for later analysis.
The threshold for the single-channel analyser was set at � 700 ke V 'Y energy. The detector was cali brated with known 'Y peaks from 1 3 11, J 3 7CS, 57CO, 99mTc, and 68Ga and showed good (R 2 = 0.97) fit to linearity in photomultiplier output versus 'Y energy. The number of counts per second received by the scaler was < 10,000, well below the rate that would have taxed any component of the sampling system.
